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Abstract	
  

This	
  preliminary	
  report	
  has	
  two	
  parts.	
  	
  First,	
  the	
  literature	
  on	
  biomimetic	
  calcite	
  
synthesis	
  is	
  reviewed,	
  with	
  an	
  aim	
  of	
  establishing	
  gold-­‐standard	
  techniques	
  for	
  
making	
  biomimetic	
  eggshell	
  in	
  large	
  quantities.	
  	
  The	
  literature	
  is	
  found	
  to	
  be	
  
surprisingly	
  uniform	
  in	
  that	
  most	
  controlled	
  studies	
  of	
  calcite	
  biomineralization	
  
have	
  utilized	
  a	
  vapor	
  diffusion	
  technique,	
  where	
  calcium	
  is	
  in	
  solution	
  and	
  
carbon	
  and	
  oxygen	
  atoms	
  or	
  ions	
  are	
  introduced	
  as	
  a	
  gaseous	
  phase.	
  	
  Although	
  
well	
  controlled,	
  this	
  process	
  is	
  slow	
  and	
  produces	
  small	
  quantities	
  of	
  material.	
  	
  
As	
  such,	
  the	
  evidence	
  supports	
  our	
  continuing	
  with	
  solution-­‐based	
  calcite	
  
synthesis	
  with	
  a	
  mind	
  towards	
  scale-­‐up	
  of	
  material	
  synthesis	
  for	
  eggshell-­‐like	
  
material	
  in	
  large	
  quantities.	
  	
  Second,	
  the	
  results	
  of	
  a	
  series	
  of	
  preliminary	
  
experiments	
  on	
  this	
  project	
  are	
  presented,	
  comparing	
  calcitic	
  materials	
  we	
  
produce	
  with	
  natural	
  eggshell.	
  	
  Spectroscopy	
  is	
  utilized	
  for	
  examining	
  the	
  
mineralization	
  of	
  calcite	
  and	
  the	
  presence	
  of	
  amorphous	
  calcium	
  carbonate	
  in	
  
the	
  calcite	
  matrix.	
  	
  Thermal	
  analysis	
  is	
  used	
  to	
  establish	
  the	
  presence	
  of	
  organic	
  
materials	
  within	
  calcium	
  carbonate.	
  	
  Next	
  steps	
  on	
  this	
  project	
  will	
  add	
  a	
  focus	
  
on	
  how	
  little	
  is	
  known	
  about	
  the	
  quantitative	
  thermodynamics	
  of	
  calcite	
  
formation	
  in	
  the	
  presence	
  of	
  organic	
  molecules,	
  such	
  as	
  eggshell	
  proteins,	
  	
  in	
  
order	
  to	
  facilitate	
  larger-­‐scale	
  production	
  of	
  eggshell-­‐like	
  organic-­‐inorganic	
  
composite	
  materials.	
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Introduction	
  
	
  
The	
  physical	
  structure	
  of	
  the	
  eggshell	
  is	
  the	
  basis	
  of	
  its	
  strength.	
  An	
  eggshell	
  is	
  
made	
  up	
  of	
  ~95%	
  calcium	
  carbonate	
  in	
  the	
  form	
  of	
  calcite,	
  one	
  of	
  the	
  most	
  
widespread	
  mineral	
  compounds	
  in	
  nature.	
  	
  Biomaterials	
  are	
  almost	
  always	
  the	
  
outcome	
  of	
  an	
  organic-­‐inorganic	
  collaboration.	
  Eggshells	
  contain	
  a	
  few	
  percent	
  
of	
  organic	
  material,	
  largely	
  protein,	
  which	
  contribute	
  to	
  the	
  physical	
  properties	
  
of	
  the	
  final	
  material.	
  	
  Natural	
  minerals	
  are	
  in	
  fact	
  formed	
  through	
  an	
  organic-­‐
inorganic	
  interplay;	
  biomineralization	
  is	
  itself	
  regulated	
  by	
  protein	
  (Figure	
  1).	
  	
  
The	
  mechanisms	
  by	
  which	
  the	
  organic	
  content	
  regulates	
  biomineralization	
  are	
  
poorly	
  understood.	
  There	
  is	
  very	
  little	
  information,	
  for	
  instance,	
  on	
  the	
  
thermodynamics	
  of	
  biomineralization	
  [Navrotsky	
  2004].	
  Although,	
  state-­‐of-­‐the-­‐
art	
  techniques	
  for	
  calcium	
  carbonate	
  synthesis	
  in	
  the	
  presence	
  of	
  various	
  organic	
  
and	
  inorganic	
  molecules	
  provide	
  an	
  opportunity	
  for	
  studying	
  the	
  formation	
  of	
  
biominerals	
  at	
  the	
  molecular	
  level,	
  almost	
  all	
  of	
  the	
  information	
  that	
  the	
  current	
  
literature	
  offers	
  is	
  only	
  qualitative.	
  Unravelling	
  these	
  mechanisms	
  quantitatively	
  
could	
  pave	
  the	
  way	
  to	
  engineering	
  bio-­‐inspired	
  materials,	
  and	
  is	
  absolutely	
  
critical	
  in	
  scale-­‐up	
  of	
  materials	
  synthesis	
  from	
  small-­‐scale	
  laboratory	
  
experiments	
  to	
  military-­‐scale	
  materials	
  applications.	
  

Figure	
  1.	
  Schematic	
  representation	
  of	
  the	
  functional	
  mechanism	
  of	
  ovocleiden-­‐
17,	
  a	
  protein	
  thought	
  to	
  be	
  crucial	
  in	
  eggshell	
  calcite	
  biomineralization.	
  	
  (Protein	
  
structure	
  was	
  downloaded	
  from	
  Wikimedia	
  Commons	
  
[http://commons.wikimedia.org/wiki/Category:Images])	
  
	
  
Calcite	
  synthesis	
  
	
  
Calcium	
  carbonate	
  forms	
  easily	
  by	
  precipitation	
  out	
  of	
  solution,	
  and	
  is	
  typically	
  
found	
  in	
  one	
  of	
  three	
  crystalline	
  polymorphs,	
  calcite,	
  vaterite	
  and	
  aragonite.	
  	
  It	
  
can	
  be	
  synthesized	
  by	
  simply	
  mixing	
  solutions	
  of	
  calcium	
  chloride	
  (CaCl2・2H2O)	
  
and	
  sodium	
  carbonate	
  (Na2CO3)	
  or	
  sodium	
  bicarbonate	
  (NaHCO3).	
  	
  Our	
  
laboratory	
  typically	
  uses	
  both	
  solutions	
  at	
  200	
  mmol,	
  mixing	
  to	
  combine	
  directly	
  
or	
  using	
  syringe	
  pumps	
  to	
  slowly	
  infuse	
  each	
  solution	
  into	
  a	
  vessel	
  for	
  mixing.	
  	
  
We	
  have	
  also	
  developed	
  an	
  alternate	
  soaking	
  (AS)	
  technique	
  for	
  forming	
  calcium	
  
carbonate	
  in	
  the	
  presence	
  of	
  organic	
  molecules,	
  by	
  mixing	
  organics	
  (in	
  our	
  

Figure 7: Schematic representation of the functioning mechanism of
OC-17. (Protein structure was downloaded from Wikimedia Commons
[http://commons.wikimedia.org/wiki/Category:Images])

C-type lectin-like proteins are mineralization mediators in many different avian
species. A unique C-type lectin-like protein was purified for some avian species,
such as for chicken, goose, turkey, duck, guinea fowl, pheasant[21], and ostrich[41],
rhea and emu[42]. There are differences in the amino acid sequences of these dif-
ferent C-type lectin-like proteins. Goose C-type lectin-like protein ansolcalcin[43],
for instance, only shares a 36% similarity with OC-17. Importantly, the ostrich
eggshell contains two different C-type lectin-like proteins, that are, struthiocalcin-1
and struthiocalcin-2[41]. This difference in the ostrich may be related with the en-
hanced mechanical properties of the eggshell because as previously described, intra-
crystalline proteins counter-balance the mechanical shortcomings of the brittle cal-
cium carbonate. In addition, the ostrich eggshell was shown to possess an extraordi-
nary preservation ability for its intra-crystalline content[7]. There is little knowledge
about this intriguing mechanism of preservation yet it is of utmost importance and
should be unveiled in order to understand how the sensitive organic macromolecules
are kept stable at high temperatures for a long period of time.

The key mechanism of the interaction of organic molecules with inorganic crys-
tals is not well known and there are gaps in the current literature that need to be
filled. Early studies of the protein-crystal interactions focused onto the morpholog-
ical changes in crystals to infer the effects of proteins[35]. These studies generally
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particular	
  case,	
  the	
  protein	
  gelatin)	
  in	
  with	
  these	
  same	
  stock	
  solutions	
  and	
  then	
  
dipping	
  a	
  substrate	
  in	
  each	
  of	
  four	
  beakers	
  for	
  a	
  prescribed	
  number	
  of	
  cycles	
  
(Figure	
  2).	
  Other	
  studies	
  using	
  solution-­‐based	
  calcite	
  synthesis	
  have	
  included	
  the	
  
use	
  of	
  natural	
  calcite	
  crystals	
  with	
  freshly	
  cleaved	
  surfaces	
  to	
  aid	
  in	
  crystal	
  
nucleation	
  [Elhadj	
  et	
  al.	
  2006].	
  	
  Our	
  focus	
  in	
  the	
  last	
  few	
  years	
  has	
  always	
  
involved	
  solution-­‐based	
  formation	
  of	
  calcium	
  carbonate	
  (and	
  calcium	
  phosphate	
  
[Strange	
  and	
  Oyen	
  2011]	
  in	
  earlier	
  work),	
  but	
  for	
  the	
  first	
  Aim	
  of	
  this	
  project,	
  the	
  
literature	
  was	
  reviewed	
  to	
  establish	
  the	
  options	
  for	
  calcite	
  synthesis	
  and	
  the	
  
potential	
  for	
  large-­‐scale	
  production	
  of	
  eggshell-­‐like	
  biomimetic	
  material.	
  	
  (NB	
  
that	
  this	
  report’s	
  references	
  are	
  not	
  inclusive	
  of	
  the	
  literature	
  surveyed.)	
  	
  	
  

The	
  vast	
  majority	
  of	
  research	
  into	
  biomimetic	
  mineralization	
  [Gomez-­‐
Morales	
  et	
  al.	
  2010]	
  has	
  utilized	
  a	
  vapor	
  diffusion	
  process	
  [Addadi	
  et	
  al.	
  1987]	
  
for	
  calcium	
  carbonate	
  formation.	
  	
  In	
  this	
  process,	
  calcium	
  chloride	
  is	
  in	
  solution,	
  
but	
  the	
  carbonate	
  atoms	
  are	
  in	
  gas	
  form,	
  often	
  from	
  ammonium	
  carbonate	
  
powder,	
  which	
  vaporizes	
  easily.	
  	
  The	
  ammonium	
  carbonate	
  dissociates,	
  and	
  the	
  
carbon	
  dioxide	
  vapor	
  interacts	
  with	
  the	
  calcium	
  in	
  solution	
  to	
  precipitate	
  
calcium	
  carbonate.	
  	
  A	
  variation	
  on	
  this	
  approach	
  bubbles	
  carbon	
  dioxide	
  gas	
  
directly	
  into	
  a	
  calcium	
  solution	
  to	
  achieve	
  the	
  same	
  effect	
  [Lakshminarayanan	
  et	
  
al.	
  2006].	
  	
  	
  

The	
  vapor	
  deposition	
  process	
  has	
  been	
  modified	
  to	
  incorporate	
  a	
  wide	
  
range	
  of	
  organic	
  molecules	
  [Meldrum	
  2003],	
  both	
  natural	
  and	
  synthetic,	
  to	
  
examine	
  how	
  these	
  organic	
  molecules	
  influence	
  the	
  types	
  (polymorphs)	
  of	
  
calcium	
  carbonate	
  present,	
  the	
  size	
  and	
  shape	
  of	
  crystals,	
  and	
  their	
  orientation.	
  	
  
The	
  influence	
  of	
  inorganic	
  substitutions,	
  of	
  magnesium	
  for	
  calcium	
  in	
  particular,	
  
has	
  also	
  been	
  widely	
  examined	
  [Gower	
  2008].	
  	
  The	
  vapor	
  deposition	
  process	
  has	
  
been	
  used	
  specifically	
  in	
  the	
  study	
  of	
  biomimetic	
  eggshell	
  in	
  at	
  least	
  two	
  research	
  
groups	
  [Fernandez	
  et	
  al.	
  2004;	
  Lakshminarayanan	
  et	
  al.	
  2006].	
  	
  Small	
  
modifications	
  to	
  the	
  vapor	
  diffusion	
  method	
  include	
  the	
  use	
  of	
  a	
  polymer-­‐
induced	
  liquid	
  precursor	
  (PILP)	
  [Gower	
  and	
  Odom,	
  2000]	
  or	
  a	
  modification	
  to	
  
the	
  precise	
  structural	
  set-­‐up	
  of	
  the	
  vapor	
  diffusion	
  chamber	
  [Gomez-­‐Morales	
  et	
  
al.	
  2010]	
  but	
  these	
  are	
  all	
  clearly	
  small	
  tweaks	
  on	
  the	
  overall	
  same	
  process.	
  	
  
	
  

Figure	
  2.	
  The	
  four	
  step	
  alternate	
  soaking	
  process	
  for	
  forming	
  calcium	
  carbonate	
  
with	
  gelatin	
  [Armitage	
  et	
  al.	
  2012].	
  Both	
  the	
  CaCl2	
  and	
  Na2CO3	
  solutions	
  are	
  200	
  
mmol,	
  with	
  between	
  2.5	
  and	
  15	
  g	
  of	
  powdered	
  gelatin	
  added	
  to	
  each	
  200	
  mL	
  
beaker	
  of	
  solution.	
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of the mineral. Recently, the ASP for HA was modified to
include an organic component, gelatin (GEL), for copreci-
pitation of an organic–inorganic composite (HA–GEL).20

This technique lends itself to replicating the natural formation
of a biomineralized composite, such as eggshell, where the
mineral is heterogeneously nucleated on a collagenous mem-
brane, containing proteins, which dictate the mineral micro-
structure, and in addition where some organic material—2%
to 3%21–23—is found throughout the biomineralized layer.

Here, a CaCO3–GEL composite is deposited using the
modified ASP20 on both glass coverslips and demineral-
ized eggshell membranes. The organic fraction of the
composite is ascertained from comparison between the
Fourier transform infrared spectra (FTIR) of the sample
and FTIR calibration curves determined from a series of
reference materials of known organic contents. Once the
organic fraction of the CaCO3–GEL composite has been
determined, it is demonstrated how this can be controlled
over the range of 1–10% by weight. Polymorphism of
calcium carbonate particles is determined to be either calcite
or vaterite using scanning electron microscope (SEM)
imaging and FTIR spectrometry. Particle morphology is
strongly influenced by the substrate onto which the mineral
composite is nucleated. SEM imaging reveals that calcite
particles exhibit size dependence on the number of ASP
cycles performed. This work replicates many of the natural
features of eggshell by producing a CaCO3–GEL composite
with a controllable organic content, heterogeneously nucle-
ated on an eggshell membrane.

II. MATERIALS AND METHODS

A. Demineralized eggshell membrane preparation

Japanese quails eggs (Clarence farm brand; J Sainsbury
PLC, London, U.K.) were demineralized to release the
eggshell membranes by a 24-h soak in 5% by weight
ethylene diamine tetraacetic acid (EDTA) solution, pH 7.4,
made from powdered EDTA and NaOH pellets (Sigma-
Aldrich, Andover, U.K.). The active surface of the mem-
brane is defined as the outside surface, which contains the
mamillary knobs from which the palisade crystals of the
natural eggshell nucleate.23

B. Reference materials

Reference composites of calcium carbonate and gelatin
of known gelatin content in the range of 1–20% GEL by
weight were produced by mixing dry 180 bloom gelatin
powder (Sigma-Aldrich, U.K.) and calcium carbonate
powder (Sigma-Aldrich, U.K.) with 10 mL of distilled water
(DW) to form a slurry. These samples were subsequently
heated to 80 °C to melt the GEL and then transferred to
a heated and sealed 25 mL conical tube. The conical tube
was then placed in a continuous roller made from parts
from a Lego Mindstorms NXT kit (Lego Group, Billund,

Denmark) where it was rolled at 30° to the horizontal while
slowly cooled in a water bath over 4 h to room temperature.
Conical tubes were then rolled for a further 2 days with the
lid removed to allow evaporation of water from the sample,
at which point the slurry had formed a solid. After forming
a solid, samples were transferred to an autodesiccator for
7 days to dry completely. After the reference composite
samples had been dried, they were weighed to confirm that
all water had evaporated and hence check that the weight
percentage of gelatin in the final homogeneous solid is the
same as was added to the dry powder mixture; for all
samples, the total mass of the solid was within 61% of the
original mass of the two powders.

Calcite powder was purchased from Sigma-Aldrich
(U.K.). Vaterite powder was produced by mixing 20 mL
of a 200 mmol Ca21 ion solution with 20 mL of
a 200 mmol CO2!

3 ion solution, followed by immediate
addition of 20 mL of 100% ethanol (Sigma-Aldrich, U.K.)
to arrest vaterite conversion to calcite.24–26 Once mixed, the
resulting solution was centrifuged, the remaining fluid
drained off, and the precipitate dried.

C. Automated ASP

The ASP, Fig. 1, was used to coprecipitate CaCO3–GEL
composites on both glass coverslips and demineralized
eggshell membrane substrates. The solutions for this were
produced as follows: a 200 mmol Ca21 ion solution
stabilized to pH 7.4 was prepared by dissolving 5.88 g of
calcium chloride dihydrate (CaCl2"2H2O; Sigma-Aldrich
Company Ltd., U.K.) in 20 mL of 1 mol Tris-HCl (Sigma-
Aldrich Company Ltd., U.K.) diluted with 180 mL of
DW. A 200 mmol CO2!

3 solution was prepared by diluting
80 mL of 0.5 mol Na2CO3 solution (Sigma-Aldrich Com-
pany Ltd., U.K.) with 120 mL of DW. Gelatin was included
in both of these solutions by heating the solutions to 80 °C
and adding between 2.5 and 15 g of dry 180 bloom gelatin
extracted from porcine skin (Sigma-Aldrich Company Ltd.,
U.K.). For one cycle of the ASP, glass coverslips or eggshell

FIG. 1. The ASP with gelatin (adapted from Ref. 16). Both the CaCl2
and Na2CO3 solutions are 200 mmol, with between 2.5 and 15 g of
gelatin in each 200 mL of solution.

O.E. Armitage et al.: Biomimetic calcium carbonate–gelatin composites as a model system for eggshell mineralization
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The	
  challenge	
  with	
  a	
  vapor	
  diffusion	
  process	
  from	
  a	
  scale-­‐up	
  perspective	
  

is	
  that	
  it	
  is	
  slow,	
  taking	
  as	
  long	
  as	
  several	
  days	
  to	
  form	
  calcium	
  carbonate	
  
[Addadi	
  et	
  al.	
  1987].	
  	
  This	
  makes	
  it	
  an	
  acceptable	
  vehicle	
  for	
  studying	
  basic	
  
aspects	
  of	
  mineralization	
  in	
  an	
  extremely	
  controlled	
  manner,	
  such	
  as	
  the	
  
influence	
  of	
  the	
  presence	
  of	
  various	
  organic	
  molecules,	
  but	
  for	
  the	
  manufacture	
  
of	
  large	
  scale	
  materials	
  it	
  is	
  impractical.	
  	
  The	
  AS	
  process	
  is	
  relatively	
  faster,	
  but	
  
the	
  process	
  is	
  overall	
  not	
  very	
  well	
  controlled.	
  	
  The	
  act	
  of	
  forming	
  calcium	
  
carbonate	
  by	
  just	
  mixing	
  solutions	
  is	
  also	
  not	
  well	
  controlled,	
  and	
  there	
  is	
  
insufficient	
  time	
  for	
  organic	
  molecules	
  to	
  influence	
  the	
  process,	
  and	
  become	
  
incorporated	
  into	
  the	
  crystals,	
  making	
  it	
  not	
  very	
  biomimetic	
  and	
  unlikely	
  to	
  
yield	
  material	
  with	
  the	
  desired	
  robust	
  mechanical	
  properties,	
  and	
  fracture	
  
toughness	
  in	
  particular.	
  	
  In	
  addition	
  to	
  challenges	
  with	
  reaction	
  rate,	
  in	
  all	
  of	
  
these	
  cases	
  a	
  major	
  limitation	
  to	
  the	
  calcite	
  formation	
  is	
  in	
  the	
  size	
  of	
  the	
  crystals	
  
formed.	
  	
  While	
  natural	
  eggshell	
  is	
  up	
  to	
  millimeters	
  thick	
  with	
  nearly	
  through-­‐
thickness	
  calcite	
  crystals,	
  the	
  crystals	
  reported	
  in	
  biomimetic	
  biomineralization	
  
works	
  are	
  micrometers	
  in	
  size.	
  	
  After	
  100	
  cycles	
  of	
  the	
  AS	
  process,	
  the	
  crystals	
  
were	
  approximately	
  4	
  μm	
  in	
  diameter,	
  compared	
  with	
  sub-­‐1	
  μm	
  after	
  the	
  first	
  
cycle	
  [Armitage	
  et	
  al.	
  2012].	
  	
  	
  	
  
	
   Limiting	
  the	
  literature	
  on	
  optimized	
  large-­‐scale	
  biomimetic	
  calcite	
  
synthesis	
  with	
  the	
  incorporation	
  of	
  organic	
  molecules	
  is	
  the	
  lack	
  of	
  quantitative	
  
thermodynamic	
  data	
  about	
  the	
  process	
  of	
  eggshell	
  biomineralization.	
  	
  Overall	
  
eggshell	
  has	
  been	
  studied	
  dramatically	
  less	
  than	
  other	
  calcium	
  carbonate	
  
materials,	
  such	
  as	
  nacre	
  and	
  various	
  marine	
  organisms.	
  	
  The	
  production	
  of	
  a	
  
complete	
  chicken	
  eggshell	
  takes	
  only	
  18	
  hours.	
  	
  Research	
  on	
  eggshell	
  has	
  largely	
  
been	
  confined	
  to	
  the	
  food	
  (poultry)	
  industry,	
  and	
  interest	
  in	
  mechanical	
  
properties	
  of	
  egg	
  was	
  mostly	
  concerning	
  the	
  transport	
  of	
  eggs	
  to	
  supermarkets.	
  	
  
It	
  is	
  largely	
  suspected	
  that,	
  as	
  with	
  many	
  other	
  biomineralization	
  processes,	
  
there	
  is	
  a	
  multi-­‐step	
  formation	
  process	
  with	
  calcite	
  as	
  an	
  end	
  result	
  (Figure	
  3)	
  
and	
  intermediate	
  phases	
  of	
  amorphous	
  calcium	
  carbonate,	
  vaterite	
  and	
  
aragonite	
  [Gower	
  2008].	
  	
  This	
  hypothesis	
  is	
  consistent	
  with	
  the	
  co-­‐existence	
  of	
  
all	
  three	
  crystalline	
  phases	
  in	
  nature,	
  since	
  the	
  vaterite	
  and	
  aragonite	
  are	
  meta-­‐
stable	
  and	
  calcite	
  is	
  the	
  final	
  stable	
  product.	
  	
  An	
  important	
  role	
  of	
  this	
  
mechanism	
  is	
  to	
  allow	
  the	
  organism	
  to	
  mold	
  the	
  amorphous	
  form	
  in	
  any	
  desired	
  
shape	
  to	
  produce	
  complex	
  architectures.	
  This	
  mechanism	
  was	
  shown	
  to	
  be	
  
possible	
  in	
  the	
  context	
  of	
  reprecipitation	
  of	
  quail	
  eggshell	
  [Lakshminarayanan	
  et	
  
al.	
  2006].	
  	
  The	
  role	
  of	
  proteins	
  in	
  the	
  amorphous	
  precursor	
  phase	
  is	
  proposed	
  to	
  
be	
  crucial	
  because	
  of	
  their	
  ability	
  to	
  keep	
  the	
  amorphous	
  form	
  stable	
  until	
  the	
  
crystal	
  transformation	
  is	
  needed	
  [Gower	
  2008].	
  A	
  thorough	
  understanding	
  of	
  
how	
  this	
  mechanism	
  is	
  used	
  by	
  living	
  organisms	
  is	
  desirable	
  to	
  enable	
  
production	
  of	
  biomimetic	
  inorganic	
  materials	
  in	
  large	
  quantities.	
  
	
  	
  	
  



Figure	
  3.	
  Reaction	
  coordinate	
  diagrams	
  of	
  classical	
  nucleation	
  single	
  reaction	
  (A)	
  
and	
  likely	
  biomineralization	
  multiple-­‐reaction	
  (B)	
  pathways.	
  (Adapted	
  from	
  
[Gower	
  2008].)	
  
	
  
	
  
Preliminary	
  Experiments	
  
	
  
Biological	
  mineral	
  formation	
  requires	
  the	
  precipitation	
  of	
  inorganic	
  crystals	
  from	
  
a	
  solution.	
  Although	
  it	
  is	
  now	
  widely	
  accepted	
  that	
  the	
  first	
  phase	
  in	
  
biomineralization	
  is	
  an	
  unstable	
  amorphous	
  form,	
  which	
  then	
  transform	
  to	
  
meta-­‐stable	
  and	
  finally	
  to	
  a	
  stable	
  crystal,	
  precipitation	
  from	
  a	
  solution	
  is	
  still	
  the	
  
key	
  step	
  for	
  almost	
  all	
  mineralization	
  processes	
  in	
  nature.	
  It	
  is	
  then	
  reasonable	
  to	
  
analyze	
  mineralization	
  not	
  only	
  after	
  the	
  solid	
  inorganic	
  material	
  formation,	
  but	
  
also	
  during	
  the	
  crystallization	
  of	
  the	
  mineral.	
  Spectroscopy	
  is	
  one	
  of	
  the	
  most	
  
convenient	
  methods	
  to	
  study	
  mineralization	
  during	
  crystal	
  formation.	
  This	
  
technique	
  allows	
  monitoring	
  mineral	
  formation	
  in	
  real-­‐time,	
  thereby	
  providing	
  a	
  
method	
  to	
  study	
  the	
  kinetics	
  of	
  trans-­‐	
  formation	
  of	
  the	
  amorphous	
  precursor	
  
phase.	
  	
  	
  

We	
  therefore	
  use	
  Fourier	
  Transform	
  InfraRed	
  spectroscopy	
  (FTIR)	
  as	
  a	
  
useful	
  tool	
  for	
  examining	
  calcite	
  formation,	
  via	
  a	
  Perkin-­‐Elmer	
  Spotlight	
  100	
  
Attenuated	
  Total	
  Reflection	
  Fourier	
  Transform	
  InfraRed	
  (ATR-­‐FTIR)	
  
spectrometer.	
  	
  Figure	
  4	
  shows	
  the	
  spectrum	
  for	
  commercially	
  available	
  (Sigma	
  
Aldrich)	
  calcite	
  powder	
  as	
  a	
  reference.	
  	
  	
  The	
  spectra	
  for	
  three	
  types	
  of	
  natural	
  
eggshell	
  show	
  a	
  calcite-­‐dominance	
  with	
  small	
  residual	
  “bumps”	
  at	
  the	
  location	
  
indicating	
  amorphous	
  calcium	
  carbonate	
  (Figure	
  5).	
  	
  A	
  time	
  sequence	
  of	
  FTIR	
  
scans	
  from	
  immediately	
  after	
  CaCl	
  and	
  NaHCO3	
  (both	
  Sigma	
  Aldrich)	
  solution	
  
mixing	
  to	
  30	
  minutes	
  later	
  demonstrates	
  the	
  development	
  of	
  the	
  calcite	
  peaks	
  
and	
  the	
  diminution,	
  but	
  not	
  complete	
  removal,	
  of	
  the	
  amorphous	
  signal	
  (Figure	
  
6).	
  

Figure 6: Reaction coordinate diagrams of classical nucleation (A) and biominerali-
sation (B) pathways. (Adapted from Refs. 4 & 23)

starts with the deposition of an amorphous precursor phase which then transforms
to a crystal passing through meta-stable forms[30]. This pathway offers many ad-
vantages. An important role of this mechanism is to allow the organism to mould
the amorphous form in any desired shape to produce complex architectures such as
seashells[4]. This mechanism was shown to be common in many different biominerals
such as zebra fish bones[32] or quail eggshells[33]. Calcium carbonate structures, for
instance, is known to transform from amorphous to meta-stable vaterite or arago-
nite and finally end up with stable calcite (Figure 6) [4]. The role of the proteins
in amorphous precursor phase is proposed to be crucial because of their ability to
keep the amorphous form stable until the crystal transformation is needed[4]. In ad-
dition, some biominerals do accomplish to form stable transient phases such as the
aragonite crystals in nacre by possibly harnessing specialiazed proteins. A thorough
understanding of how this mechanism is used by organisms is required to produce
biomimetic inorganic materials.

The avian eggshell is epitome of organic-inorganic interplay. As is the case for al-
most all biological minerals, the organic content of the eggshell matrix is responsible
for the regulation of mineral deposition. Although, there are more than 400 proteins
in the eggshell matrix[34], few of those proteins were studied for their role on crystal
regulation. Because the formation of an avian egg is a complex process which occur
in a chaotic environment in the oviduct, most of the organic content of the uterine
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Figure	
  4.	
  The	
  FTIR	
  spectrum	
  of	
  commercial	
  CaCO3	
  calcite	
  powder	
  (Sigma	
  
Aldrich).	
  Absorption	
  peaks	
  at	
  1414	
  cm-­‐1,	
  872	
  cm-­‐1	
  and	
  712	
  cm-­‐1	
  are	
  specific	
  to	
  
calcite.	
  
	
  

	
  
Figure	
  5.	
  The	
  FTIR	
  spectra	
  of	
  ostrich,	
  quail	
  and	
  hen	
  eggshells.	
  The	
  rectangle	
  
shows	
  amorphous	
  calcium	
  carbonate	
  absorption	
  peaks	
  at	
  1086	
  cm-­‐1.	
  	
  Small	
  
organic	
  peaks	
  can	
  be	
  observed	
  at	
  1648	
  cm-­‐1.	
  
	
  

Figure 18: The FTIR spectra of ostrich, quail and hen eggshells. Rectangle shows
amorphous absorption peaks at 1086 cm�1

complex environment in which eggshell are produced. The oviduct of a female bird
contains thousands of different chemicals and eggshell is produced through many
different interactions between proteins and inorganic molecules. This environment
possess a non-equilibrium condition in which crystal transition is hardly possible.
On the other hand, the function of proteins is to ensure that the calcium carbonate
clusters are transformed into calcite. As can be seen in Figure 18, eggshell still
contain amorphous material.

A magnified image of the rectangular part in Figure 18, is shown in Figure 19.
The quail eggshell sample exhibits a broad amorphous peak compared to ostrich or
hen eggshells. This suggests that, the amount of amorphous content of quail eggshell
is higher than that of ostrich or hen. Intriguingly, it was shown that, the quail
eggshell does not contain C-type lectin like proteins. These proteins, such as OC-17,
is known to ensure the transformation of amorphous clusters to crystalline calcite.
The lack of C-type lectin like proteins in quail eggshell and the FTIR analysis of
amorphous form are in good agreement. This also means that, FTIR spectroscopy
can be used to shed some light onto the differences in crystal transitions between
different species.

It is possible to monitor the transformation of amorphous CaCO3 to crystalline
calcite by observing the change in specific absorption peaks. Figure 4.3, shows the
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Figure 17: The FTIR spectrum of commercial CaCO3. Absorption peaks at 1414
cm�1, 872 cm�1 and 712 cm�1 are specific peaks for calcite

4.3 Fourier Transform InfraRed Spectroscopy Anal-

ysis of Minerals

Biological mineralisation was once thought to follow the classical nucleation the-
ory. As mentioned in the previous chapters, however, natural organisms use a dif-
ferent pathway to produce inorganic materials. It is now widely accepted that, the
mineral formation in nature proceeds through an amorphous precursor phase which
is then followed by meta-stable phases. The end product of biomineralisation is
thermodynamically most stable crystal form, such as, calcite. In this study, FTIR
is used to monitor amorphous to crystal transition in real-time. The possibility to
observe phase transformation allow to study the effect of different proteins during
mineral formation. Eggshell mineralisation specific protein OC-17, for instance, has
been proposed to trigger calcium carbonate clusters to transform into calcite at the
very beginning of mineralisation.

FTIR experiments showed that without any organic content the mineralisation of
CaCO3 proceeds through an amorphous phase which then transforms to crystalline
calcite. Figure 17, shows the FTIR spectrum of commercial CaCO3.

Although it is known that avian eggshells are composed of crystalline calcite,
they also contain amorphous calcium carbonate. This is probably a result of the
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Figure	
  6.	
  	
  The	
  spectra	
  of	
  CaCO3	
  mineralization	
  for	
  30	
  min	
  upon	
  mixing	
  CaCl	
  and	
  
NaHCO3	
  solutions.	
  	
  Spectra	
  show	
  the	
  amorphous	
  to	
  crystal	
  transformation	
  from	
  
the	
  beginning	
  (bottom)	
  to	
  the	
  end	
  of	
  mineralization	
  (top)	
  in	
  time	
  sequence.	
  
Rectangles	
  2	
  (1086	
  cm-­‐1)	
  and	
  1-­‐3-­‐4	
  (1414	
  cm-­‐1,	
  872	
  cm-­‐1	
  and	
  712	
  cm-­‐1)	
  indicate	
  
the	
  amorphous	
  and	
  calcite	
  specific	
  peaks,	
  respectively.	
  	
  	
  
	
  
	
  
	
  

Because	
  biological	
  minerals	
  contain	
  organic	
  molecules,	
  the	
  interplay	
  of	
  
proteins	
  with	
  inorganic	
  crystals	
  is	
  a	
  key	
  process,	
  which	
  requires	
  protein	
  
purification	
  and	
  protein	
  analysis,	
  both	
  of	
  which	
  are	
  ongoing.	
  Moreover,	
  the	
  
occlusion	
  of	
  organic	
  content	
  into	
  calcite	
  crystals	
  is	
  a	
  crucial	
  part	
  of	
  this	
  study	
  and	
  
can	
  be	
  observed	
  using	
  thermogravimetric	
  analysis	
  (TGA,	
  Perkin-­‐Elmer)	
  in	
  order	
  
to	
  understand	
  the	
  nature	
  of	
  protein	
  preservation	
  within	
  calcite	
  crystals.	
  	
  	
  	
  The	
  
weight	
  loss	
  of	
  the	
  crystals	
  before	
  calcite	
  starts	
  to	
  melt	
  gives	
  the	
  approximate	
  
percentage	
  of	
  organic	
  matter	
  in	
  the	
  crystal	
  lattice.	
  	
  This	
  is	
  shown	
  for	
  natural	
  
chicken	
  eggshell	
  in	
  Figure	
  7,	
  showing	
  a	
  few	
  percent	
  weight	
  loss	
  at	
  a	
  mid-­‐range	
  
temperature	
  far	
  lower	
  than	
  the	
  dissociation	
  temperature	
  of	
  calcite	
  itself	
  (around	
  
800°	
  C).	
  	
  This	
  is	
  consistent	
  with	
  the	
  couple	
  of	
  percent	
  of	
  organic	
  material	
  known	
  
to	
  be	
  present	
  in	
  natural	
  eggshell.	
  	
  The	
  same	
  general	
  result	
  is	
  observed	
  (Figure	
  8)	
  
when	
  we	
  make	
  calcite	
  in	
  solution	
  in	
  the	
  presence	
  of	
  bovine	
  serum	
  albumin	
  
(BSA),	
  a	
  commercially	
  available	
  (Sigma	
  Aldrich)	
  model	
  protein	
  we	
  are	
  using	
  as	
  a	
  
stand-­‐in	
  for	
  the	
  eggshell	
  proteins	
  we	
  are	
  currently	
  working	
  to	
  purify.	
  	
  Calcite	
  
made	
  using	
  the	
  same	
  solutions	
  and	
  process	
  but	
  no	
  protein	
  present	
  does	
  not	
  have	
  
any	
  appreciable	
  weight	
  loss	
  across	
  the	
  same	
  temperature	
  range	
  (Figure	
  9),	
  
supporting	
  the	
  idea	
  that	
  this	
  weight	
  loss	
  is	
  uniquely	
  associated	
  with	
  the	
  protein	
  
or	
  other	
  organic	
  material	
  included	
  in	
  the	
  calcite	
  in	
  either	
  natural	
  shell	
  synthesis	
  
(Figure	
  7)	
  or	
  biomimetic	
  calcite	
  formation	
  (Figure	
  8).	
  	
  
	
  
	
  
	
  

Figure 20: The spectra of CaCO3 mineralisation for 30 min upon mixing CaCl and
NaHCO3. Spectra show the amorphous to crystal transformation from the beginning
(bottom) to the end of mineralisation (top) Rectangles 1-2 and 3-4 indicate the
amorphous and calcite specific peaks, respectively.

4.4 Purification of Avian Eggshell Protein OC -17

Protein purification is a key step to study the function of these crucial molecules.
Although, molecular dynamics studies were conducted in order to understand the
functioning mechanism of OC-17, there is still no experimental evidence to confirm
molecular simulations. One of the aims of this study is to purify OC-17 from different
avian species’ eggshells and study the effect of this protein on the mineralisation of
CaCO3. In addition, thermodynamic properties of pure OC-17 and the energetics
of calcite-OC-17 interactions will be studied to shed some light on the thermody-
namics of eggshell mineralisation and on the nature of intra-crystalline proteins. For
these reasons, OC-17 was purified from powdered chicken eggshell by dissolving the
calcified layer of shells in HCl solution. Next, insoluble fraction was discarded and
remaining proteins were separated using ultrafiltration based on the size of proteins.
Two sets of ultrafiltrations were conducted using filtration tubes with different pore
sizes. Finally, the purified fraction was analysed by SDS-PAGE. The image of the
electrophoresis gel is shown in Figure 21.

In Figure 21, the bands at the left of the image show the protein marker that is a
mixture of different proteins with known molecular weights. The sample’s molecular
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Figure	
  7.	
  	
  TGA	
  result	
  for	
  chicken	
  eggshell.	
  	
  The	
  weight	
  loss	
  at	
  350°	
  C	
  can	
  be	
  
attributed	
  to	
  intra-­‐crystalline	
  protein	
  degradation.	
  	
  	
  
	
  

	
  
Figure	
  8.	
  TGA	
  result	
  for	
  calcite	
  crystals	
  grown	
  in	
  solution	
  in	
  the	
  presence	
  of	
  
bovine	
  serum	
  albumin	
  protein	
  (a	
  well-­‐characterized	
  model	
  protein	
  available	
  
commercially,	
  Sigma	
  Aldrich).	
  	
  The	
  overall	
  picture	
  is	
  similar	
  to	
  that	
  for	
  natural	
  
eggshell	
  with	
  integrated	
  protein	
  (Figure	
  7).	
  
	
  
	
  
	
  
	
  
	
  

Figure 26: TGA result for the calcite crystals grown in the absence of any protein
in the mineralisation solution

Figure 27: TGA result for the chicken eggshell crystals. Weight loss at 350 oC
indicates the intra-crystalline protein degradation
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Figure 25: TGA result for the calcite crystals grown in the presence of BSA. Weight
loss at 300 oC indicates the intra-crystalline protein degradation

conditions. Figure 4.6, shows the TGA analysis of pure calcite crystals that were
synthesized using the same parameters with that of BSA-entrapped calcites.

Comparison of TGA analysis of eggshell crystals and biomimetic synthesis of
BSA entrapped calcite may give some hints to understand intra-crystalline content
of biominerals. For this reason, chicken eggshell was ground into fine powder and
analysed using TGA under the same experimental conditions. The result of the TGA
analysis of eggshell powder is shown in Figure 4.6.

Similar to the BSA-entrapped calcite crystals, the intra-crystalline organic con-
tent of chicken eggshell did exhibit a weight loss during heat treatment. The tem-
perature at which weight loss was observed is higher than that of BSA entrapped
calcite crystals. This difference is probably related to the different organic contents
of the crystals. Another difference is the amount of organic content in the chicken
eggshell. The amount of intra-crystalline proteins of chicken eggshell is less than BSA
entrapped calcite crystals. This difference may have stemmed from the concentration
difference of proteins that were added to the mineralisation solution. The concen-
tration that was used in these experiments (2mg/ml) are higher than the protein
concentrations in natural biominerals.
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Figure	
  9.	
  TGA	
  result	
  for	
  calcite	
  grown	
  in	
  solution	
  in	
  the	
  absence	
  of	
  any	
  added	
  
protein.	
  	
  In	
  contrast	
  to	
  both	
  natural	
  eggshell	
  (Figure	
  7)	
  or	
  lab-­‐synthesized	
  calcite	
  
with	
  BSA	
  protein	
  included	
  (Figure	
  8)	
  there	
  is	
  approximately	
  zero	
  weight	
  loss	
  at	
  
temperatures	
  less	
  than	
  600°	
  C,	
  above	
  which	
  dissociation	
  of	
  the	
  calcite	
  itself	
  is	
  
expected.	
  	
  	
  

	
  
Conclusion	
  and	
  Outlook	
  
	
  

Despite	
  attracting	
  little	
  attention,	
  an	
  important	
  aspect	
  of	
  mineralization	
  is	
  
its	
  thermodynamic	
  nature.	
  As	
  is	
  the	
  case	
  for	
  all	
  such	
  studies,	
  the	
  most	
  reliable	
  
method	
  for	
  extracting	
  thermodynamic	
  information	
  is	
  to	
  use	
  calorimetry.	
  	
  This	
  
will	
  be	
  a	
  critical	
  component	
  of	
  the	
  next	
  phase	
  of	
  this	
  project.	
  	
  The	
  aim	
  is	
  to	
  gain	
  
quantitative	
  understanding	
  of	
  the	
  mineralization	
  pathway	
  proposed	
  in	
  Figure	
  3,	
  
and	
  to	
  establish	
  whether	
  this	
  pathway	
  is	
  universally	
  true	
  (i.e.	
  does	
  the	
  material	
  
always	
  “stop”	
  at	
  each	
  metastable	
  phase	
  in	
  the	
  figure,	
  or	
  perhaps	
  does	
  some	
  
calcite	
  “jump”	
  from	
  amorphous	
  calcium	
  carbonate	
  directly	
  to	
  calcite?).	
  	
  We	
  
previously	
  observed	
  that	
  in	
  solution-­‐based	
  calcium	
  carbonate	
  synthesis,	
  we	
  
tended	
  to	
  obtain	
  vaterite	
  when	
  there	
  was	
  no	
  organic	
  material	
  (protein)	
  present	
  
and	
  calcite	
  when	
  organic	
  material	
  was	
  present	
  [Armitage	
  et	
  al.	
  2012].	
  	
  This	
  result	
  
will	
  be	
  replicated	
  with	
  quantitative	
  measurements	
  using	
  calorimetry.	
  	
  We	
  will	
  
further	
  continue	
  with	
  the	
  2nd	
  and	
  3rd	
  Aims	
  as	
  laid	
  out	
  in	
  the	
  original	
  proposal,	
  
examining	
  the	
  influence	
  of	
  texture	
  and	
  organic	
  molecules	
  isolated	
  from	
  natural	
  
eggshell	
  on	
  the	
  formation	
  of	
  calcite.	
  	
  	
  
	
  
	
   	
  

Figure 26: TGA result for the calcite crystals grown in the absence of any protein
in the mineralisation solution

Figure 27: TGA result for the chicken eggshell crystals. Weight loss at 350 oC
indicates the intra-crystalline protein degradation
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